Alphaviruses are mosquito-transmitted RNA viruses that cause important diseases in both humans and livestock. Sindbis virus (SIN), the type species of the alphavirus genus, carries a 11.7-kb positive-sense RNA genome which is capped at its 5 end and polyadenylated at its 3 end. Viruses belonging to the family Togaviridae carry positivesense RNA genomes which are capped at their 5Ј ends and polyadenylated at their 3Ј ends (25, 41) . Alphavirus and Rubivirus represent the two genuses grouped under the Togaviridae family (14, 41). The alphavirus genus includes some 26 different members that are transmitted primarily by mosquitoes to animals and humans (18, 25, 42) . Rubella virus is the only member of the rubivirus genus and appears to infect only humans. The pathways of RNA synthesis in alphaviruses and rubiviruses are similar (14, 41). Upon entry into host cells, the incoming positive-sense genome is translated to produce viral RNA-dependent RNA polymerase (RdRp). The viral RdRp then copies the genomic RNA to produce a negative-sense intermediate. This negative-sense RNA intermediate serves as a template to produce a 49S genomic RNA and a 26S subgenomic RNA. Recognition of specific RNA motifs of viral positive-sense and negative-sense genomes by viral RdRp and host factors is thought to mediate virus-specific RNA synthesis. The availability of cDNA clones of alphaviruses and rubiviruses has facilitated the analysis of RNA motifs and proteins that regulate RNA synthesis and genome replication (6, 9, 14, 16, 22, 27, 29, 38, 42) . In brief, cDNA clones of these viruses were altered to introduce specific nucleotide changes and transcribed in vitro to produce mutationally altered viral RNAs. These engineered viral RNAs were then introduced into cells in culture, and the biology of these mutations were studied (5, 42, 48) .
Viruses belonging to the family Togaviridae carry positivesense RNA genomes which are capped at their 5Ј ends and polyadenylated at their 3Ј ends (25, 41) . Alphavirus and Rubivirus represent the two genuses grouped under the Togaviridae family (14, 41) . The alphavirus genus includes some 26 different members that are transmitted primarily by mosquitoes to animals and humans (18, 25, 42) . Rubella virus is the only member of the rubivirus genus and appears to infect only humans. The pathways of RNA synthesis in alphaviruses and rubiviruses are similar (14, 41) . Upon entry into host cells, the incoming positive-sense genome is translated to produce viral RNA-dependent RNA polymerase (RdRp). The viral RdRp then copies the genomic RNA to produce a negative-sense intermediate. This negative-sense RNA intermediate serves as a template to produce a 49S genomic RNA and a 26S subgenomic RNA. Recognition of specific RNA motifs of viral positive-sense and negative-sense genomes by viral RdRp and host factors is thought to mediate virus-specific RNA synthesis. The availability of cDNA clones of alphaviruses and rubiviruses has facilitated the analysis of RNA motifs and proteins that regulate RNA synthesis and genome replication (6, 9, 14, 16, 22, 27, 29, 38, 42) . In brief, cDNA clones of these viruses were altered to introduce specific nucleotide changes and transcribed in vitro to produce mutationally altered viral RNAs. These engineered viral RNAs were then introduced into cells in culture, and the biology of these mutations were studied (5, 42, 48) .
Sequence analysis of several alphaviruses indicated the presence of a 19-nucleotide (nt) conserved element (3ЈCSE) adjacent to the poly(A) tail (33, 42) . This 3ЈCSE was thought to serve as promoter for negative-sense RNA synthesis. As suggested for other eucaryotic mRNAs (17) , the poly(A) tail of the alphavirus genome could contribute to genome stability and enhanced translation. Using Sindbis virus (SIN) defective interfering RNAs as templates for RNA synthesis, Levis et al. identified the importance of a 19-nt conserved element in genome replication in BHK cells (29) . Using engineered SIN genomic RNA, Kuhn et al. indicated that three nucleotides located at the 5Ј end of the 19-nt motif was not needed for replication (27) . Kuhn et al. also reported that an insertion of 7 nt downstream of the 19-nt motif but preceding the poly(A) tail was tolerated by the polymerase (27) . Recently, we reported that SIN RNA lacking the poly(A) tail (TT21s/Xho) was infectious and that the poly(A) tail was regained in vivo precisely downstream of the 3ЈCSE (22) . We also reported that an in vitro-synthesized SIN RNA lacking the poly(A) tail (TT21s/Sst), but carrying a 1.8-kb nonviral sequence just downstream of the 3ЈCSE, was also infectious (22) . Analysis of the virus recovered from TT21s/Sst RNA revealed the removal of the entire nonviral sequence and the addition of a poly(A) tail 3 nt downstream of the 3ЈCSE. These results indicated the existence of a cytoplasmic RNA processing and polyadenylation pathway in SIN-infected cells. Although the 3Ј promoter elements of rubella virus have little or no homology to the alphavirus 3Ј nontranslated region (3ЈNTR), it has recently been reported that transfection of the rubella virus genome lacking the poly(A)tail into mammalian cells resulted in the production of a poly(A)-carrying rubella virus genome (9) .
To further understand the RNA repair pathway in SINinfected cells, we developed a battery of SIN genome mutants with alterations within the 3ЈNTR and tested the sequence requirements for 3Ј-end repair. Here we report the existence of a novel 3Ј-end repair pathway involving the addition of AUrich sequences to the damaged SIN 3Ј terminus. The implications of these findings for RdRp-promoter interaction are discussed.
MATERIALS AND METHODS

Oligonucleotides.
A list of all oligonucleotides used in this study is given in Table 1 .
Plasmids. The plasmid Tapa (21) (22) (23) carries the complete protein coding region of SIN nonstructural (NS) and structural (S) genes positioned downstream of an SP6 promoter. The ApaI site located at the 5Ј boundary of the 3ЈNTR sequence was used to introduce the desired alterations into the 3ЈNTR (Fig. 1A) . The XhoI site located at the end of the poly(A) tail was generally used for linearizing the plasmid for in vitro synthesis of RNA transcripts. S3P (22) contains the complete 3ЈNTR of SIN, including the poly(A) tail flanked by ApaI and XhoI sites for easy manipulation. S3Ps is similar to S3P except that the poly(A) tail has been removed.
(i) TT21qa. Plasmid S3Ps was amplified with the primers JC3259 and 3Ј29 Apa, digested with SstI and ApaI, and ligated to the large ApaI and SstI fragment of the Tapa plasmid (22) .
(ii) T318. Plasmid S3Ps was amplified by PCR with primers T11750 and 3Ј18Xho. The resulting DNA was digested with XhoI and ligated to obtain S3P3Ј18. S3P3Ј18 was further digested with SstI and ApaI and ligated to the large SstI and ApaI fragment of Tapa to obtain T3Ј18.
(iii) T315. Primers T11750 and 3Ј15Xho were used to amplify S3Ps by PCR, and the resulting DNA was digested with XhoI and ligated to obtain S3P3Ј15. The large SstI-ApaI fragment obtained from S3P3Ј15 was ligated to the corresponding large fragment of Tapa to obtain TT3Ј15.
(iv) S3P and T3 derivatives carrying 3-terminal deletions but carrying intact poly(A). To delete bases from the 3ЈCSE, one of the negative-sense primers indicated below and T11750 were used to amplify the S3P plasmid. One percent of the final products was further amplified with primers T11750 and 3ЈPAA. These secondary PCR products were digested with XhoI and ligated. The plasmids derived from each of these ligations were sequenced to map the 3Ј terminus of the 3ЈNTR. The ApaI-SstI fragment carrying each of the deletion mutations was ligated to the large ApaI-SstI fragment of Tapa to obtain full-length SIN cDNAs (T3Ј clones) carrying 3Ј-terminal deletions but with intact poly(A). The deletion mutants of S3P and the negative-sense primers used in their construction were as follows: mutant S3P3Ј18(A)n,
FIG. 1. (A)
Gene organization of Tapa, a SIN cDNA. (B) 3Ј sequence of the TT21qa; NS, nonstructural genes; S, structural genes; (A)n, poly(A) tail. It is important to note that linearization of TT21qa with XhoI cleaves the DNA between A and G. Therefore, the RNA transcribed from the TT21qa/Xho construct may contain 1 to 5 bases of the XhoI motif. (C) 3Ј sequence of the SIN genome recovered from BHK cells transfected with TT21qa/Xho RNA. The 11 PCR products corresponding to the viral RNA (Fig. 3A) were sequenced with JC1000-1H. The size of the poly(A) tail ranged from 17 to 39 nt. All 11 virus isolates were identical with respect to the 3Ј terminal 73 nt. 
The region of the SIN genome to which the oligonucleotide belongs: 3ЈS, 3Ј region of the S-coding region; poly(A), 3Ј poly(A) tail; 3ЈCSE, 19-nt 3ЈCSE; 3ЈVec, 3Ј vector sequences downstream of the SIN genome in Tapa. 3Ј18PA; S3P3Ј17(A)n, 3Ј17PA; S3P3Ј15PA, 3Ј15PA; S3P3Ј6(A)n, 3Ј6PA; and S3P3Ј0(A)n, 3Ј0PA.
In vitro synthesis of RNA transcripts. Approximately 5 g of each plasmid was digested with an appropriate restriction enzyme and precipitated with ethanol. In vitro transcription of template DNA was carried out with 2 to 3 g of DNA in a total volume of 30 l as described previously (35) (36) (37) (38) . All the transcription reaction mixtures contained 1.5 mM cap analog and 1 Ci of [ 3 H]UTP as a radioactive tracer. After 1 h of incubation at 39°C, the template DNA was digested with 1 g of RNase-free DNase I (Life Technologies) and the RNA was purified by phenol-chloroform extraction and ethanol precipitation. The amount of RNA made was quantitated by trichloroacetic acid precipitation. Two percent of the RNA samples were denatured by glyoxal (35) (36) (37) (38) and analyzed on a 1.25% agarose gel (Fig. 2) .
Cells, viruses, and infection. BHK-21 cells and Vero cells were maintained in minimal essential medium (MEM) containing 10% fetal bovine serum. BHK cells were used for RNA transfection studies, preparation of virus stocks, and the analysis of gene expression from viruses. Since Vero cells form confluent cultures quickly and consistently, they were used for titration of virus stocks and to isolate individual virus plaques for further studies. Well-separated plaques were recovered and directly suspended in 600 l of MEM. For virus infections, BHK cells grown in 35-mm-diameter petri plates were infected with 200 l of the virus suspension at a multiplicity of infection (MOI) of 0.1 to 2 and incubated at 37°C for the desired times. Serial dilutions of virus stock were used for determining the virus titer on Vero cells.
Transfection of BHK cells with RNA. As described previously (21, 22) , semiconfluent BHK cells were washed twice with phosphate-buffered saline, layered with 0.2 ml of phosphate-buffered saline containing 2 to 800 ng of each of the in vitro-transcribed template RNAs and 25 g of Lipofectin (Life Technologies) or Transfectace, and continually rocked for 30 min. At the end of transfection, the transfection mixture was removed and the cells were replenished with 2 ml of MEM containing 10% fetal bovine serum and incubated at 37°C. Cells were monitored for cytopathic effect (CPE), and culture supernatants were recovered after 2 to 3 days, clarified by centrifugation, and stored frozen. To determine specific infectivity of in vitro-synthesized RNAs, different amounts of RNA in the range of 20 ng to 2 g were transfected into triplicate BHK cultures and allowed to incubate at 37°C for 4 h. The media were then removed and layered with 1% agarose, incubated at 37°C, and monitored for plaques over a period of 3 days. Transfection experiments which resulted in no virus production were repeated three times, and the culture supernatant derived from these transfections was passaged twice to confirm the absence of virus production.
In vivo labeling of viral RNAs and isolation and analysis of cytoplasmic RNA. BHK cells were infected with plaque-purified viruses as described previously (22) . At 2 to 3 h postinfection, 0.6 ml of MEM containing 5 g of dactinomycin per ml was added to the plates. Twenty minutes later, 50 Ci of [ 3 H]uridine (NEN) was added to each plate and the infection was continued at 37°C for 6 to 12 h. At the end of infection, cells were harvested and cytoplasmic RNA was isolated by disruption of cells with nonionic detergents and phenol-chloroform extraction of cytoplasmic extracts (22, 36) . Approximately 4 to 6 g of the isolated RNA was denatured with glyoxal, analyzed on a 1.25% agarose gel, and later fluorographed as previously described (21, 22) .
Reverse transcription of cytoplasmic RNA, PCR amplification, and sequencing. Cytoplasmic RNA isolated from BHK cells was reverse transcribed and amplified by PCR as previously described (21, 22) . In brief, 5 to 8 g of cytoplasmic RNA was annealed with 2 to 6 pmol of appropriate negative-sense primer in buffer containing 0.3 M NaCl and extended with murine leukemia virus reverse transcriptase. In addition to RNA and primer, the reaction mixture consisted of 50 mM Tris-HCl (pH 8.3), 70 mM KCl, 3 mM MgCl 2 , 10 mM dithiothreitol, 0.35 mM deoxynucleotide triphosphates, and 400 U of reverse transcriptase in a total volume of 30 l. The reaction mixture was incubated for 1 h at 37°C and subsequently for 20 min at 42°C. At the end of the incubation period, a 2-l aliquot of the 10-fold-diluted first-strand reaction mixture was amplified by PCR. The PCR mixture consisted of 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 2 mM MgCl 2 , 2 mM dithiothreitol, 100 g of gelatin per ml, 2 to 5 pmol each of primers, 5 U of Taq polymerase, and 350 M deoxynucleotide triphosphates in a volume of 50 l. After 20 cycles of amplification, the reaction mixture was removed and 5% of the PCR products were analyzed on a gel. As previously described (21, 22) , several control PCRs and nested PCRs were routinely used to ascertain the authenticity of the PCR products. Ten percent of the PCR products were isolated from a low-melting-point agarose gel and purified by phenolchloroform extraction and precipitation with ethanol. The isolated DNA fragment was subjected to cycle sequencing by use of a Perkin-Elmer sequencing kit. The PCR products were also digested with suitable restriction enzymes encoded within the primers and cloned in plasmids Gem 3 or Gem 4 (Promega). DNA isolated from 1.5-ml cultures was subjected to cycle sequencing to confirm the sequences.
RESULTS
The 3 29 nt of the SIN genome contains signals for polyadenylation. Previously, we showed that TT21qa/Xho RNA, which was composed of the entire protein coding sequence of the SIN genome and the terminal 29 nt of the 3ЈNTR, was infectious (22) . The virus generated from TT21qa/Xho was plaque purified, and six representative plaques from two different virus stocks were used to infect BHK cells. [ 3 H]uridinelabelled viral RNA was isolated from infected cells and analyzed on a denaturing agarose gel (Fig. 3A) . Both genomic and subgenomic RNAs were demonstrable for each representative Isolates 29-1 to 29-11, viral plaques derived from TT21qa/Xho; (B) plaques derived from T3Ј18(A)n, T3Ј17(A)n, and T3Ј6(A)n; (C) plaques derived from T3Ј15(A)n and T3Ј0(A)n. It is important to note that the amount of RNA made by each isolate is due mostly to the MOI, although base changes in recovered viruses could also be partly responsible.
of the plaque-purified virus. The 12th plaque suspension did not produce any CPE on BHK cells, probably due to defective plaque recovery. Since all of the viable SIN isolates tested in our laboratory contained a poly(A) tail, we assumed that all these revertant viruses carried a poly(A) tail. Therefore, the cytoplasmic RNA was reverse transcribed with a poly(T) primer (18TSac) and amplified by PCR using primer 18TSac and primer T11150, which annealed to the 3Ј region of the S coding region. The 0.25-kb amplification product which corresponds to the 3Ј region of the SIN genome was purified to remove the primers and sequenced by using T11350. As shown in Fig. 1C , all the PCR products contained the 3Ј29-nt region and a poly(A) tail. None of the 11 individual virus isolates tested carried any other modifications within their 3Ј terminus. RNA derived from uninfected cultures or the use of in vitromade TT21qa/Xho lacking the poly(A) tail failed to produce any products upon RT-PCR (data not shown). These results indicated that the TT21qa/Xho RNA upon transfection into BHK cells underwent polyadenylation in vivo and released infectious virus. These results also indicated that the terminal 29-nt region of the SIN genome carried the minimal RNA signals required for polyadenylation, negative-sense RNA synthesis, and genome replication. Previously, we showed that a SIN genome carrying 24 nt of the 3Ј terminus (TT21k/Xho) but lacking a poly(A) tail was noninfectious (22) . Since a SIN genome carrying a 14-nt 3ЈCSE and a poly(A) tail was infectious (22) , the lack of polyadenylation could have been the primary reason for the loss of infectivity of TT2k/Xho (22) . These results also demonstrated that the de novo polyadenylation required specific 3Ј motifs of the SIN genome.
Polyadenylation and repair of a SIN mutant carrying a G instead of C at the ؊1 position. The 3Ј end of the 3ЈCSE of most alphaviruses carries a C residue (27, 33, 34, 42) . This nucleotide is numbered Ϫ1 in the 19-nt motif (Fig. 1A) (27) . In addition, the 3Ј conserved motif of all alphaviruses is composed of strictly an AU-rich region (27, 42) . These observations suggest that the polyadenylation signal may involve the terminal C residue and probably other residues in the vicinity. To test if this C residue at the Ϫ1 position is critical for polymerase recognition and polyadenylation, the construct T3Ј18 was made. As shown in Fig. 4B , the linearized plasmid T3Ј18/Xho carries a G residue at the Ϫ1 position and a C residue at the ϩ1 position. The ϩ2 to ϩ6 positions carried nonviral sequences instead of a poly(A) tail (Fig. 4) . The resulting plasmid T3Ј18 was linearized with XhoI, transcribed in vitro (Fig. 2) , and tested for its infectivity in BHK cells. Although the specific infectivity of this T3Ј18/Xho RNA was 127-fold lower than that of Tapa/Xho (wild-type RNA) ( Table  2 , experiment 16), infectious virus was consistently produced in all three transfections tested. BHK cells were infected with two virus isolates from each transfection experiment, and the expression of both genomic and subgenomic RNA was confirmed (Fig. 3B, lanes 1 and 2) . The 3Ј terminus of the genomic RNA of all six viral isolates derived from T3Ј18/Xho (RV-T3Ј18) indicated the reintroduction of a C residue at the Ϫ1 position and the elimination of a G residue at the Ϫ2 position (Fig. 4D) . As described in Fig. 4E , the straightforward explanation of this observation would be polyadenylation of RNA just downstream of the C residue and removal of the G residue by polymerase jumping events during RNA replication steps. It should be noted that the TT21s/Xho RNA which carried a poly(A)-lacking SIN RNA with an intact 3ЈCSE and 1 to 5 nonviral bases (as in T3Ј18/Xho) downstream of the 3ЈCSE also gave rise to a SIN genome with wild-type 3ЈCSE and a poly(A) tail (22) . These results indicated that polymerase recognition of the 3Ј terminus of the SIN genome can occur even when the terminal C residue is displaced from its original context of UUUC to UUUGC followed by 1 to 5 nonviral bases at the extreme 3Ј end. Repair of a terminally truncated SIN genome. Studies reported in the previous section indicated that a SIN genome lacking a poly(A) tail and with a 3Ј-terminal C residue displacement was infectious. To further test the 3Ј motifs necessary for polyadenylation, we designed a mutant (T3Ј15/Xho) in which the poly(A) tail and the terminal four nucleotides of the conserved 19-nt motif were deleted and fused to a XhoI sequence motif (Fig. 5B) . The plasmid DNA was linearized with XhoI, and the corresponding RNA was synthesized in vitro. Triplicate cultures of BHK cells were transfected with 50 ng, 200 ng, and 1 g of in vitro-synthesized RNA and monitored for CPE. Significant CPE was observed in all cultures by the third day of transfection. As expected, no virus was recovered from a control RNA lacking the entire 3Ј end of the SIN genome ( Table 2 , experiment 2). Twelve virus suspensions corresponding to individual plaques were used to infect BHK cells, and the virus-specific RNA was isolated, amplified by reverse transcription (RT)-PCR using primers 18TSac and T11350, and sequenced.
As shown in Fig. 5C , all of the viral isolates carried a poly(A) tail. A variety of AU-rich sequences were detected just upstream of the poly(A) tail. Different types of 3Ј modifications were demonstrable from the sequence analysis. In the type I modification, as exemplified by isolate 15.1 (Fig. 5C ), U-rich RNA motifs and a poly(A) tail were added without any loss of 3Ј-terminal sequences. In fact, the five bases corresponding to the XhoI motif at the 3Ј end were retained (Fig. 5C , isolate 15.1). In the type II modification of the 3Ј end, one or two terminal bases of the transfected RNA were lost with the concomitant addition of AU-rich motifs and a poly(A) tail. At least 5 of the 12 isolates (isolates 15.2 to 15.6) (Fig. 5C ) belong to the type II modification. In both type I and type II modifications, the addition of bases occurred just downstream of the 3Ј terminus of the parental RNA. Islands of oligo(A) and oligo(U) account for much of the nucleotide additions. In the type III modification, base deletion of the parental RNA was accompanied by the addition of AU-rich motifs internal to the 3Ј terminus. For example, in isolate 15.7 (Fig. 5C ), the internal bases CG of the terminal CTCGAG motif were lost, resulting in CTAG. As described previously (Fig. 4E) , polymerase jumping events during viral RNA synthesis could have caused this loss. Interestingly, an oligo(U) motif was inserted 5Ј to the CTAG motif, and a poly(A) tail was added downstream of the CTAG motif. Four separate isolates from three different transfections carried identical modifications of this kind. In the case of isolate 15.8, the deletion of the terminal CGAG motif was accompanied by the insertion of an oligo(U) motif 5Ј to the CU terminus and the addition of a poly(A) tail downstream of the CU motif. In the type IV modification, as seen with isolate 15.9, the entire parental motif CTCGAG was lost and accompanied by the addition of AU-rich motifs and a poly(A) tail. These results indicate the existence of a pathway for polyadenylation and AU additions on terminally truncated SIN genomes in vivo.
Addition of AU-rich motifs to 3-end mutants of polyadenylated SIN genomes. From the studies reported in the previous section, it is clear that polyadenylation and addition of AU-rich motifs take place on SIN genomes lacking the 3Ј poly(A) tail and a few of the adjoining conserved bases. Our previous results (22) ( Table 2 , experiment 12) showed that the SIN genome lacking only the poly(A) tail but carrying the entire wild-type 3ЈNTR (TT21s/Xho) was able to undergo polyadenylation but not any AU additions. Therefore, we hypothesized that the addition of AU-rich motifs occurs only when the 3Ј 19-nt motif is significantly altered. But, it was not known whether AU additions could occur on 3Ј-end mutants of the SIN genome with an intact poly(A) tail. To test whether AU additions occur on polyadenylated 3Ј SIN mutants, we developed a series of constructs carrying 1, 2, 4, 13, or 19 terminal base deletions of the 3ЈCSE but carrying an intact poly(A) tail ( Fig. 6 and 7) . BHK cells were transfected with different in vitro-synthesized RNAs and incubated for 3 days at 37°C. Mild to severe CPE was observed in all of the cultures. Control cultures transfected with TT21h/Xho ( Table 2 , experiment 3), a SIN genome lacking the 3ЈNTR but carrying a poly(A) motif, did not produce any CPE or virus. Similarly, cultures transfected with a mutant SIN RNA defective in polymerase expression also failed to produce any CPE or virus ( Table 2 , experiment 15). Plaque-purified virus isolates were used to infect fresh BHK cells, and viral RNA was labelled with [ 3 H]uridine and analyzed ( Fig. 3B and C) . All virus isolates supported the synthesis of both 49S and 26S RNA. The 3ЈNTRs of these virus isolates were amplified by RT-PCR using primers 18TSac and T11350 and sequenced by using primer T11600B. As a control, all of the in vitro-synthesized template RNAs, pretreated with DNase, were subjected to RT-PCR and sequencing to rule out SP6 polymerase-or RT-PCR-mediated nucleotide additions or deletions.
The engineered T3Ј18(A)n/Xho RNA lacks the C residue from the Ϫ1 position of the 3ЈCSE (Fig. 6A) . The 3ЈNTRs of seven virus isolates derived from two separate transfection experiments were sequenced. Six of the virus isolates (18A-1 to 18A-6) (Fig. 6A) carried a new motif, 5Ј-CAAAATATTT-3Ј, just 3Ј of the poly(A) tail. Five of the isolates (18A-1 to 18A-4 and 18A-7) carried a U residue instead of a G residue at the Ϫ14 position. Since isolates 18A-5 and 18A-6 carried the wildtype G residue at the Ϫ14 position, the G-to-U change appears to be a compensatory change. Isolate 18A-7 carried a C insertion adjacent to the poly(A) tail in addition to carrying the G-to-U change at position Ϫ14, restoring the Ϫ1 position. Since isolate 18A-1, upon two passages in BHK cells, evolved into isolate 18A-7 (data not shown), it appears that polymerase jumping events have led to the formation of 18A-7-type genomes. These results indicate that the removal of the C residue at position Ϫ1 in a polyadenylated SIN genome results in in vivo repair by addition of a C residue or a short AU motif or both. The in vitro-synthesized T3Ј18(A)n template RNA carried the exact 3Ј sequence found in the DNA template (Fig.  6A) .
The T3Ј17(A)n/Xho RNA carries a 2-nt deletion adjacent to the poly(A) tail of the SIN genome (Fig. 6B) . Viable viruses were recovered from BHK cells transfected with T3Ј17(A)n/ Xho, and the 3ЈNTRs of 10 virus isolates were sequenced (Fig.  6B) . Six of the isolates (17A-1 to 17A-6) retained the original 3Ј mutations, indicating the viability of the mutant RNA. Since the infectivity of the T3Ј17(A)n RNA was severely affected ( Table 2 , experiment 19), compensatory mutations elsewhere in the genome must have occurred during the formation of viruses such as 17A-1 from the transfected T3Ј17(A)n RNA. Isolate 17A-7 (Fig. 6B ) carried the dinucleotide AC as an insertion just 5Ј to the poly(A) tail. Isolate 17A-8 carried an insertion of six U residues just upstream of the poly(A) tail. Isolates 17A-9 and 17A-10 carried 4-and 6-nt deletions in addition to the 2-nt deletion that was introduced in T3Ј17(A)n RNA. As found for the virus isolates recovered from T3Ј18(A)n/Xho, many of the isolates corresponding to T3Ј17(A)n also carried a G-to-U change at the Ϫ14 position. Thus, deletion of the dinucleotide UC from the Ϫ1 and Ϫ2 positions of the 3ЈNTR of the SIN genome results in the production of viable genomes carrying the original mutations or poly(U) additions. As suggested previously, polymerase jumping events may account for deletion events observed in isolates 17A-9 and 17A-10.
T3Ј6(A)n RNA carries a 13-nt deletion (Ϫ1 to Ϫ13) of the 19-nt 3ЈCSE located within the 3ЈNTR (Fig. 6C) . Interestingly, BHK cells transfected with this RNA readily produced infectious virus, although the specific infectivity of this RNA was very low (Table 2 , experiment 21). Sequence analysis of the 3ЈNTR of eight of the viruses isolates derived from T3Ј6(A)n demonstrated the preservation of the original 13-nt deletions and a poly(A) tail. No other modifications were found at the 3Ј terminus. This observation indicated that not all 3Ј deletions lead to terminal modifications. It is also possible that the 3Ј sequence motif located adjacent to the poly(A) tail of T3Ј6(A)n is inhibitory for terminal AU additions. Since the parental RNA had low specific infectivity, the recovered viruses must carry some base changes within the genome which could facilitate efficient recognition of the mutant 3Ј terminus.
The SIN mutant T3Ј15(A)n carried a 4-nt deletion (Ϫ1 to Ϫ4) adjacent to the poly(A) tail, thus making the C residue a terminal base abutting the poly(A) tail (Fig. 7A) . Cytoplasmic RNA corresponding to nine different virus isolates obtained from two separate transfections were amplified by RT-PCR, and their 3Ј regions were sequenced. The 3Ј sequences of four representative isolates are given in Fig. 7A . Isolate 15A-1 displayed the original deletions of the T3Ј15(A)n sequence as well as the G-to-U change at the Ϫ14 position. The remaining five isolates had lost their terminal C residue (at the Ϫ6 position) and undergone extensive A (15 to 20%) and U (65 to 70%) additions. The C and G residues accounted for only 5 to 10% of the new bases. The size of the additions varied from 36 to 129 nt. These 3Ј insertions consisted predominantly of oligo(U) motifs and a few oligo(A) motifs. Although the number of U residues in any given oligo(U) motif extended up to nine, only five A residues could be found maximally in any oligo(A) motif. As can be in seen in isolate 15A-4, a few residues 5Ј to the C at the Ϫ6 position were deleted in three of the isolates sequenced (data not shown).
The SIN mutant devoid of the entire 19-nt 3ЈCSE, TT3Ј0(A)n/Xho, behaved much like to the 4-nt deletion mutant [T3Ј15(A)n]. Of the five virus isolates that were sequenced, two of them (ZA-1 and ZA-2) maintained the original deletions, indicating that the SIN genome lacking the entire 3ЈCSE is viable, and expressed both 26S and 49S RNA (Fig. 3C) . The remaining three carried extensive AU additions. As described for T3Ј15(A)n/Xho, these additions involved predominantly oligo(U) motifs rather than oligo(A) motifs. These results indicate that cells transfected with a SIN genome lacking part or the entire 3ЈCSE are able to produce viable virus with or without AU additions within the 3ЈNTR.
DISCUSSION
The 3Ј termini of all alphaviruses carry a poly(A) tail and a 19-nt conserved AU-rich RNA motif (3ЈCSE). The poly(A) tail and the 19-nt motif were thought to serve as viral promoters for negative-sense RNA synthesis and genome replication. Until recently, it was also believed that the poly(U) motif located at the 5Ј end of a negative-sense copy of the alphavirus genome synthesized in vivo served as the template for the poly(A) tail (15, 27, 40, 41, 42) . Kuhn et al. (27) reported that infectious virus could be generated from a SIN mutant whose poly(A) tail Isolates ZA-1, -2, and -3 were derived from experiment 1, and isolate ZA-4 was derived from experiment 2. The identification of residues and motifs is as described in the legend to Fig. 6. was displaced by 7 nt from the 19-nt motif. A SIN genome lacking a poly(A) tail but carrying one to five nonviral nucleotides at its 3Ј end was shown to be infectious and polyadenylated in vivo (22) . Although rubella virus is the only other known animal RNA virus which polyadenylates its tailless genomes, at least three plant RNA genomes were shown to undergo de novo polyadenylation in vivo (13, 20, 26) . When the poly(A) tail of the SIN genome was replaced by a 1.8-kblong nonviral sequence, infectious virus and the polyadenylated SIN genome could still be recovered from BHK cells (22) . If the poly(A) tail is necessary for 3Ј-end recognition of the SIN genome, then polyadenylation of the transfected RNA should precede negative-strand synthesis. This would mean that long nonviral sequences located at the 3Ј end would be removed by specific endonucleases, probably in the cytoplasm of host cells. Similar to the cleavage and polyadenylation of pre-mRNA transcripts in the nucleus (46), cleavage and polyadenylation of mRNA transcripts in the cytoplasm are also a well-studied process (references 45 and 47 and references therein). Although polyadenylation of procaryotic mRNAs is known, it does not appear to require specific RNA recognition motifs (39) .
By oocyte injection of in vitro-synthesized capped mRNAs whose poly(A) tails were replaced with heterologous sequence, the cleavage and accurate cytoplasmic polyadenylation of these mRNAs were extensively studied (45, 47) . The 3ЈNTRs of many eucaryotic mRNAs carry a number of AU-rich elements (8, 47) . These 3ЈNTRs and probably the AU-rich elements in conjunction with several RNA-binding proteins play a role in mRNA stability, translation, localization, and polyadenylation (2, 3, 8, (10) (11) (12) 45) . One of the several AU-rich elements and the canonical nuclear polyadenylation element AAUAA were required for cytoplasmic polyadenylation (45) . The cytoplasmic polyadenylation elements located at the 3ЈUTR of mRNAs and the trans-acting protein factors involved in the recognition of these signals have been shown to be evolutionarily conserved from arthropods to vertebrates (45) . Although the 3ЈNTRs of the SIN genome including the 19-nt conserved element carry several AU-rich elements, none of them are identical to these elements. Since polyadenylation can be effected by variant AU-rich motifs (45, 47) , the precise nature of SIN RNA motifs that regulate cleavage and polyadenylation requires further investigation. Since the construct TT21qa/ Xho, which carries the terminal 29 nt of the 3ЈNTR and the nonviral motif CUCGA at the 3Ј end, was able to be polyadenylated at the precise location, the minimal signals for cleavage and polyadenylation must be located within this 29-nt region (Fig. 1) .
The insertion of a G residue at the Ϫ1 position of 19-nt 3ЈCSE in T3Ј18/Xho moved the terminal C residue to the ϩ1 position. In spite of these alterations, the T3Ј18/Xho RNA was polyadenylated at the C residue and the G residue was eliminated, probably by transcriptional skipping (Fig. 4C) . No other modifications were observed at the 3Ј terminus of the viral RNA corresponding to all eight virus plaques tested. On the contrary, deletion of the four terminal residues corresponding to Ϫ1 to Ϫ4 of the 3Ј 19-nt motif and the poly(A) tail in the SIN genome (T3Ј15/Xho) (Fig. 5 ) gave rise to viral genomes with new AU-rich motifs and a poly(A) tail (Fig. 5C ). Although the cytoplasmic polyadenylation machinery is known to add the poly(A) tail, it is not known if it plays a role in the addition of AU-rich sequences. As described for other viral systems (1, 19, 31) , viral or cellular terminal transferases (adenylyl and uridylyl transferases) could have also added the AU-rich motifs. It is also puzzling to note that how the cytoplasmic polyadenylation system can add poly(A) tails to such a diverse group of AU-rich sequences. As described for the poliovirus system (1, 31) , possible terminal uridylyl and adenylyl activity of the SIN RdRp should also be considered in these terminal repair processes. Although the poliovirus polymerase has been known to be associated with terminal adenylyl and possible uridylyl transferase activities (1, 31) , addition of AU residues and a poly(A) tail at the 3Ј terminus of the positive-sense genome has not been reported. Since cellular terminal transferases can add nucleotides to the 3Ј end of RNAs without any template specificity, the 3Ј terminus of templates such as TT21k/Xho (22) should have been extended and polyadenylated. Since TT21k/Xho, which carries a 24-nt AU-rich region (Ϫ1 to Ϫ24 of 3ЈNTR) as a 3ЈNTR, failed to undergo AU additions and polyadenylation (22) ( Table 2 , experiment 11), the role of template-independent terminal transferases in the addition of AU-rich motifs remains unclear. Although RNA-RNA recombination (4, 21, 22, 24, 28) and production of abortive transcripts by viral polymerase (7, 30) were implicated in the terminal repair of some RNA genomes, such events do not seem to explain polyadenylation and AU additions of the type reported here.
The sequences of isolates 15.7 and 15.8 ( Fig. 5C ) indicate further complexity of the 3Ј repair process observed here. These two plaque-purified viruses retained their parental 3Ј bases (the dinucleotide CT). The poly(A) tails were added just downstream of these parental terminal bases. Interestingly, a poly(U) motif was inserted just upstream of the CT residues. Since terminal transferases are not known to insert internal sequences, the viral polymerase must have introduced this sequence by some unknown mechanism. Curiously, a similar poly(U) motif and a poly(A) tail were reported to have been added during the terminal repair process of a beet yellow vein virus RNA (26) . These results indicate the existence of a common pathway in both the plant and animal cells to repair AU-rich 3Ј ends of alphaviral RNAs.
What are the sequence requirements for the addition of AU-rich motifs on SIN genome 3Ј ends? The construct TT21s/ Xho, which carries an intact 3ЈCSE and the entire 3ЈNTR, did not undergo AU additions but was accurately polyadenylated. Similarly, other SIN mutants lacking poly(A) which carry intact 3ЈCSE but with 3ЈNTR deletions of differing lengths (TT21ra and TT21qa) fail to undergo any AU additions although they undergo de novo polyadenylation (Table 2, experiments 13 and  14) . Therefore, preservation of the 3Ј-terminal bases of the 3ЈCSE in the SIN genome seem to prevent AU additions. At least 14 bases from the 3Ј terminus (Ϫ1 to Ϫ14 of the 3ЈCSE) of the SIN genome and a poly(A) tail were needed to generate infectious virus (22) . Similarly, viruses carrying 16, 20, and 29 bases from the 3Ј terminus in addition to the poly(A) tail were also infectious (22) ( Table 2 , experiments 7, 8, and 9, respectively). Sequence analysis of the viruses recovered from these experiments demonstrated the exact preservation of the parental sequence; no 3Ј AU additions were observed in these virus isolates. A SIN mutant a carrying poly(A) tail but lacking one or more bases from the 3Ј terminus of the 3ЈCSE (Fig. 5 to 7 ) undergoes addition of AU-rich motifs, indicating that AU additions are not inhibited by preexisting poly(A) tails on mutant SIN genomes.
On the basis of these findings, we propose a model in which polymerase recognition of the wild-type 3ЈCSE-poly(A) junction results in accurate copying of the positive-strand genome, whereas recognition of a mutant 3ЈCSE-poly(A) junction leads to polymerase stuttering on A-and U-rich residues and synthesis of AU-rich motifs which are added to the newly made negative-sense RNA. Viable genomes generated from this error-prone replicative process are amplified further. Recogni-tion of a wild-type 3Ј terminus even in the absence of a poly(A) tail (TT21s/Xho) leads to a poly(A) tail addition but little or no polymerase stuttering and, therefore, no AU additions. It is likely that the polyadenylated 3Ј mutants (Fig. 6 and 7) are used directly as templates for negative-sense RNA synthesis and that the AU additions are introduced during new RNA synthesis. SIN genomes such as T3Ј15/Xho, which carries a mutant 3ЈCSE and lacks a poly(A) tail, could have been directly polyadenylated precisely at its 3Ј end and polymerase stuttering events during negative-or positive-sense RNA synthesis might have incorporated the AU-rich elements. Evolution of these polyadenylated genomes might have led to the loss of some of the AU-rich sequences, resulting in the generation of more stable genomes. It is also possible that all SIN genomes lacking poly(A) which can undergo polyadenylation also undergo AU additions but that those genomes carrying the 19-nt 3ЈCSE (such as TT21s/Xho, TT21ra/Xho, or TT21qa/ Xho) may effectively delete the extra AU motifs to quickly regain a wild-type 3Ј terminus.
These studies also suggest that the addition of a 3Ј poly(A) tail to a SIN genome lacking a poly(A) tail requires specific 3ЈNTR sequences, although the site of polyadenylation could vary. In the absence of RNA motifs that allow polyadenylation, SIN genomes fail to undergo AU additions. This would mean that poly(A) recognition by the viral RdRp may be important for AU additions. Since polymerase recognition of only mutant 3ЈCSE-poly(A) junction sites leads to AU additions, a loose binding of polymerase to the mutant 3ЈCSE motif appears to catalyze polymerization of A and U residues rather than C or G residues. However, it was curious that an extra G residue could be found in the isolates derived from T3Ј15/Xho (15.1 and 15.7) (Fig. 5C ). The in vitro-synthesized T3Ј15/Xho RNA was expected to possess one of the following 3Ј termini depending on how many of the bases from the XhoI motif were transcribed as RNA: C, CU, CUC, CUCG, or CUCGA. Once inside the cells, some of the terminal bases may be trimmed or new bases can be added, probably before polyadenylation. Isolate 15.1 carried the motif CTCGAG, even though the 3Ј G could not have been copied from the DNA template during in vitro RNA synthesis because the template was digested with XhoI. It is unlikely that the 3Ј G was derived by readthrough transcription of some undigested DNA template since T3Ј15 RNA carrying longer nonviral sequences at its 3Ј end were noninfectious (unpublished data). Therefore, the terminal G within the CTCGAG motif must have been added during the repair process, although the bases A and U account for most of the additions downstream of this motif. The parental RNA template may serve as a template for the specific addition of G or C residues similar to the addition of A and U residues.
A significant outcome of this study is the generation of a battery of SIN genomes that lack the 3ЈCSE but which are nevertheless replication competent and stable for at least three passages in BHK cells. Although these SIN genomes lack the known 19-nt 3ЈCSE, all of them carry AU-rich motifs adjacent to the poly(A) tail. The finding that SIN genomes carrying one of the many 3Ј AU-rich elements and a poly(A) tail can be effectively be recognized by viral RdRp is intriguing. Since many eucaryotic mRNAs carry AU-rich 3Ј ends, it is hard to explain how the viral polymerase avoids copying cellular mRNAs. It is possible that secondary structures within the 3ЈNTR as well as sequences located elsewhere within the viral genome regulate initiation of negative-strand RNA synthesis. Rubella virus, another member of the togavirus family, also replicates well even in the presence of base deletions adjacent to the poly(A) tail (9) . Poliovirus has also been shown to undergo replication in the absence of the entire 3ЈNTR (43) . It was also reported that poliovirus polymerase can copy a variety of RNAs in a nonspecific manner, suggesting that initiation of RNA synthesis at least in vitro was less dependent on unique RNA promoter sequences (44) . Coupling of genome translation and replication was in fact suggested to confer specificity during poliovirus RNA synthesis (32) . But neither rubella virus nor poliovirus genomes seem to undergo any AU additions, although the SIN genome undergoes AU additions. These results have set a stage to reexamine our current understanding of 3Ј-end recognition in positive-stranded RNA viruses and particularly those genomes carrying a 3Ј poly(A) tail.
